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Abstract: The integration of artificial intelligence (Al) in the domain of renewable energy storage
represents a pivotal advancement poised to reshape the landscape of sustainable energy
solutions. This paper comprehensively examines the burgeoning body of research dedicated to
the synergy between Al technologies and renewable energy storage systems. The study
meticulously synthesizes a diverse array of scholarly contributions, encompassing publications
from multidisciplinary domains ranging from engineering to computer science and
environmental sciences. Through rigorous data mining and qualitative analysis, this review
elucidates patterns, trends, and seminal methodologies that have emerged within this dynamic
field. It unveils the spectrum of Al applications, including optimization algorithms, predictive
modelling, and adaptive control strategies, all tailored towards enhancing the efficiency,
reliability, and economic viability of energy storage solutions. The elucidation of key research
findings and their contextualization within the broader landscape of renewable energy storage
not only informs practitioners and researchers but also helps future trajectories of inquiry.
Additionally, this review underscores the imperative for interdisciplinary collaboration and
knowledge exchange in driving forward the transformative potential of Al in renewable energy
storage. As society pivots towards a sustainable energy future, this synthesis of Al-enhanced
storage technologies serves as a valuable tool navigating the way towards a more resilient,
efficient, and sustainable energy ecosystem.
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1. Introduction

In the rapidly evolving landscape of renewable
energy, artificial intelligence (AlI) emerges as a game-
changer, poised to reshape how we store and utilize
sustainable power sources. As Stephen Hawking
eloquently stated [1], the potential of Al is nothing
short of revolutionary, demanding a thoughtful
balance between reaping its benefits and mitigating
potential pitfalls. The advent of truly transformative
Al systems promises to mark a watershed moment in
human history.

Allied with this pertinent view on the evolution of
such technology, it is relevant to state that, in order
to achieve a more sustainable and reliable energy
infrastructure, energy storage systems (ESS) are a
crucial aspect to develop, especially in renewable
energy-based grids. Some simple benefits of these
systems include the proper distribution of energy
peaks, frequency modulation, stabilization of energy
fluctuations, and ensuring the production of high-
grade electrical energy. Furthermore, it offers the
capability to seamlessly transition to a short-term
off-grid energy supply, with notable economic

advantages [2]. These systems, as important and of
constant use as they are, also present a range of
complex challenges that can be addressed with the
help of artificial intelligence (Al). Currently, a variety
of solutions is presented to these challenges. As
examples, it is relevant to cite the modeling,
optimization, and enhancement of hybrid systems
using Al, and the evaluation of performance for
optimizing the hybrid systems to continuously
satisfy the load demand with a minimal total annual
cost.

However, it is extremely relevant to acknowledge
that while the synergy between Al and renewable
energy storage holds immense promise, our
understanding of its full potential and the challenges
it entails remains far from exhaustive. As Al
integration into the renewable energy sector gains
momentum, several critical knowledge gaps persist.
And, before any specific approach, it is relevant to
critically analyze the current uses of artificial
intelligence in the industry, mainly in the energy
storage systems, clarifying the positive outcomes
from this implementation and the challenges for
optimization of such tools.



2. Methodology

In order to reach a conclusion on this analysis, a
careful literature review was made, approaching
relevant research articles, and books on the topic,
and a small data analysis of scientific publications
related to the use of artificial intelligence (Al) in
renewable energy storage systems. The ultimate
goals show itself as to represent the next steps of this
field of research, and the current uses of such
promising tools in these complex systems.

Considering all the aspects of this article, the
literature review aspect of it is extremely crucial.
Given that, is important to highlight the process that
revolves around the critical analyses of these
articles. Furthermore, even the early steps of the
review, such as the database selection, have an
important function in the current context. With all
these factors in mind, a flowchart was built, in order
to graphically represent all the crucial processes in
the literature review necessary to reach the
conclusions present in this paper.
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Fig. 1 - Literature review method in a flowchart.

2.1 Selecting databases

As the first step of a literature review process,
selecting a trustful database is extremely important,
as it will avoid further conflict involving any article
content. Following the advice present in the book
“The Craft of Research” [3], as a first approach,
Google Scholar was used to gather general ideas and
test possible keywords. After that, the search for
articles that would efficiently add to this paper was
focused only on renowned databases, such as
Science Direct and Scopus.

2.2 Search query construction

Constructing an effective search query is
fundamental to retrieving relevant and meaningful
literature from article databases. For this study, the
initial search was conducted in the Science Direct
database. An advanced search was performed using
Boolean Operators, employing the terms "artificial
intelligence”, "renewable energy" and “energy
storage system”. The search was restricted to papers
published within the last 3 years to ensure currency
and relevance. This initial query yielded 4,650
results.

After a brief review of the first 50 articles' titles, a
noise reduction operation was realized using
Boolean Operator, excluding articles with certain
irrelevant keywords for this paper, such as
“blockchain”. After noise reduction, 10 articles were
selected. If the number of articles after the inclusion
and exclusion criteria was not satisfactory, this
process was repeated adapting the keywords.

2.3 Inclusion and exclusion criteria

In order to ensure the relevance and quality of the
articles selected for this literature review, specific
inclusion and exclusion criteria were established.

The primary criteria for inclusion revolved around
the core focus of the study, centered on the
intersection of artificial intelligence and renewable
energy storage. This ensured that selected articles
directly contributed to the discourse on the
application of Al in enhancing renewable energy
storage solutions.

Conversely, exclusion criteria were applied to filter
out studies that did not align with the defined scope,
ensuring that the literature selected remained tightly
focused on the research objective. These criteria
collectively served as essential guidelines to
streamline the selection process and uphold the
rigor of the literature review.

Ultimately, the inclusion and exclusion criteria were
based on the topics included in the previously cited
book “The Craft of Research” [3], in order to ensure
a trustworthy source of information and a solid basis
for hypothesis construction.

2.4 Data mining using Scopus database



Even though a critical analysis of specific articles
shows itself as crucial for the conclusions reached in
this article, a broader view of the topic, considering
the number of articles related to the utilization of Al
in Energy Storage Systems, was essential. To achieve
this, a systematic data mining approach was
employed utilizing the Scopus database. Python, a
versatile programming language, was employed to
access and extract pertinent data through the Scopus
API, storing the results in JSON files.

The Scopus database, renowned for its extensive
coverage of scientific literature, provided a rich
source of peer-reviewed articles, ensuring a
comprehensive representation of the current state of
research in this domain. The API facilitated the
extraction of valuable metadata, including
publication details, author information, abstracts,
and citation metrics. This process allowed for a
structured and quantitative analysis of the existing
literature, enabling a more robust understanding of
the trends, methodologies, and key contributions in
the field of Al applications in Energy Storage
Systems.

By harnessing the capabilities of Python and
leveraging the Scopus AP], this data mining approach
not only ensured the inclusion of a diverse and
representative sample of articles but also
exemplified the effectiveness of Python as a tool for
data analysis. As highlighted in Wes McKinney's
seminal work, "Python for Data Analysis," [4]
Python's extensive libraries and intuitive syntax
make it a preferred choice for researchers and
analysts in handling and processing large datasets.
This systematic approach to data gathering played a
pivotal role in informing the subsequent stages of
analysis and synthesis, ultimately contributing to the
comprehensive overview presented in this study.

query = 'energy storage systems AND artificial intelligence'
params = {

‘apiKey': api_key,

'query': query,

'date': f'{intervalo_anos}'

response = requests.get(url, =paranms)

foi bem-sy go de status 200 i

results = response.json()

tal de

to rt results[ pensearch:totalResults']

print(f'Total de artiqos encontrados: {total_articles}')

# s S em um ar

resultadosESS+AT-NEW.json', as json_file:

json.dump(results, json_file, =4)
print('Resultados salvos em resyltados.json')

else:

print(f'Erro ao fazer a requisicdo: {response.status_code}')

Fig. 2 - Python Code for Scopus API Data Retrieval.

3. Results

Combining the collected data (quantitative
information) with the analysis results of the selected
articles  reviews  (qualitative  information),
fascinating insights were achieved. In order to
achieve an effective explanation of the results, the
data analysis will be shown first, continued by the
article reviews, culminating in the enlightenment of
what can be concluded based on the results of this
study.

3.1 Data mining results

The data mining process yielded a wealth of valuable
quantitative information. Through rigorous analysis,
patterns and trends emerged, shedding light on key
aspects of the subject under investigation. Firstly, it
is crucial to look at the number of articles present in
the database that approach the artificial intelligence
topic (in all fields), the number of articles about
energy storage systems, and the number of articles
that approach both these themes, as you can see in
the figure below.
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Fig. 3 - Venn diagram on Al and ESS articles in Scopus
database.

With the presented data, it is possible to conclude
that, even with the horizon of possibilities presented
in the mixture of artificial intelligence and energy
storage systems, this field of study still has a lot of
space to grow. Since, as the graphic shows, only
approximately 6.95 percent of the articles about
energy storage systems approach the use of Al in this
context. The number is even smaller when talking
about the percentage of overlap articles in Al, which
represents only 2.18 percent.

However, it is important to remember the words of
Andrew Ng [5], who affirms Al is the new electricity.
An innovative tool that will change each and every
field it can be implemented. Even though the data
presented does not show a great use of Al in the
energy storage system research field, a new data
analysis can be made to conclude if this use is a
growing trend, or if the affirmation of Andrew does
not apply to this research topic.

So, a data mining optimization was made, reaching



important conclusions provided by hard data mix.

Al + ESS

. ESS Articles
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975.109 40.043 400.928

Fig. 4 - Venn diagram on Al and ESS articles published
between 2021 and 2023 in Scopus database.

This graphic shows the number of articles that
approach each topic, but focusing on the publications
from the last three years.

Analyzing both results from the data mining, some
conclusions can be made. Primarily, the number of
articles in both ESS and Al has been increasing over
time, indicating a growing interest and research
activity in these fields.

However, it is crucial to notice that the percentage of
articles that overlap between ESS and Al remains
relatively consistent both in the entire database
(1.66%) and in the last three years (2.92%). This
suggests a consistent intersection of these two fields.

While the persistent intersection implies potential in
the field and signals that, with advancements in
artificial intelligence, it is likely that this area of study
will not experience a decline in publications or
interest, it is insufficient evidence for predicting
substantial future growth or progress in published
articles. Further reflections on this matter will be
addressed in the discussion section.

3.2 Qualitative analysis

In conducting a qualitative analysis of specific
articles within the scope of this review, it delved into
the nuanced contributions of studies at the
intersection of artificial intelligence and renewable
energy storage. Each article was meticulously
examined for its unique approach, emphasizing the
integration of Al techniques to enhance renewable
energy storage technologies. Moreover, it sought to
discern common themes and recurrent strategies
that emerged across these studies.

Firstly, it is relevant to emphasize the use of artificial
intelligence and machine learning techniques in
high-dimensional data-related tasks [6]. The use of
such technologies has a great influence on the final
results of such tasks, generating reliable outputs.
With that in mind, a part of the literature [7] focuses
on the capability to authentically simulate the

properties and behaviors of materials in targeted
energy applications. The use of these techniques
already made it possible to optimize -certain
electrochemical properties in determined materials
[8] to accelerate batteries development and
improving their life cycle. With this, the use of such
technologies already proved its application worth,
playing a crucial role in battery development [7, 8],
with the extra benefit of improving results in direct
proportion to the use of these techniques over time
(reinforcement learning) [7, 9].

However, studies do not show a limitation to
focusing just on material testing and development
for ESS equipment. Considering the fact that energy
storage systems add greatly to the cost of renewable
energy sources [2, 10], an important topic for
scientists is the effective use of these energy storage
systems. Before entering this topic, it is important to
notice its extensiveness. A lot of different factors can
affect an ESS's cost and efficiency, so just a few of
them will be addressed in this paper. Considering
this, it is possible to cite a variety of examples of the
use of Al to improve this efficiency in various
scenarios. The use of a variety of algorithms to
optimize the size of a hybrid system to continuously
satisfy the load demand with the minimal total
annual cost [11] can serve as an example, as well as
the use of fuzzy logic controllers to create an optimal
energy control system, minimizing operating hours
of fuel cells [12].

Furthermore, analyzing the research on the topic
brings not only good examples of use but also proves
the positive upbringings of artificial intelligence
techniques used in ESSs. A good example of this is the
use of a particle swarm optimization algorithm
implemented in an energy management system [13].
An experiment that delivered stunning results,
minimizing operating costs by 29%, improving
system efficiency by 27% and the system’s lifetime
by 43%.

Moreover, it is pertinent to elucidate the progress
achieved by numerous researchers in the
development of various algorithms and
methodologies tailored for optimization modeling,
state estimations, and behavioral representations
pertaining to the seamless integration of renewable
energy sources and energy storage systems [2].
These can be summarized in Optimization system
configuration (focuses on finding the best battery
and ultracapacitor setups. It considers how the
energy management algorithm aligns with power
matching during operation, and optimizes both
aspects together), energy control strategy (aims to
create smart management strategies to improve the
ESS's reliability and adaptability in dynamic
conditions), and parameter state estimation (targets
precise, adaptable, and resilient methods for system
identification and state assessment) [2].

To summarize, it is indubitable that current research
on the topic is not only proving the worth of applying



artificial intelligence in energy storage systems in
different ways and scenarios but also guiding and
exploring the methods that can be used for optimal
results. However, some barriers can still be stated
from the current research. Firstly, as known, some
algorithms and techniques can be improved from a
large dataset and more experience (time being used
in a certain scenario). So, in order to achieve large-
scale use of optimal artificial intelligence and
machine learning resources, the integration of big
data with such technologies is essential
Complementary, the development of generic data
management and sharing platforms, as stated in [7],
is required to provide impetus to accelerate certain
advancements in the area, such as material discovery
and design, energy storage and management
optimization and even some prediction algorithms.
Ultimately, even though the numbers from the data
mining do not show an incredible growth in the field,
the current scientific material has an amazing value
to the academic community and to the present and
future market needs. Allied with this material [7], it
would not be unrealistic to predict a disruption in the
energy sector with the advancements of such
techniques, allied with the present search to expand
renewable energy source use [14], bringing the need
to expand great databases and create new ones to
optimize these techniques and, consequently, affect
positively the cost of transitioning to a primarily
renewable energy source use in countries around the
world.

4. Discussing the results

Considering these facts, a light is thrown in the
dilemma of what to do next looking towards the
development of this specific and promising area. As
stated before, there is a possibility for a future
necessity for the establishment of generic data
management and sharing platforms, which play a
pivotal role in propelling the acceleration of
renewable energy sources use. This infrastructure is
imperative in ensuring the seamless flow of
information, enabling researchers to leverage vast
datasets efficiently and drive advancements in
various areas of the field, lowering the cost of energy
storage systems implementations and even boosting
the economy of countries that show a vanguard role
in this resource.

Furthermore, out of the possible future impacts on
the implementation of such technologies, it is
important to think about the insights gained from
this research for future scientific endeavors. Firstly,
longitudinal studies should be conducted to track the
evolution of energy storage systems boosted by
artificial intelligence techniques over time. This will
provide valuable insights into the long-term
performance, reliability, and sustainability of these
systems, ultimately guiding future development
efforts. Lastly, interdisciplinary collaborations
should be encouraged to address the multifaceted
challenges associated with renewable energy
adoption. Engaging experts from diverse fields such

as materials science, engineering, economics, and
policy can lead to holistic solutions that tackle both
technical and socio-economic aspects of renewable
energy integration.
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